Genetic differences between Arabidopsis thaliana accessions underlie the plant's extensive phenotypic variation, and until now these have been interpreted largely in the context of the annotated reference accession Col-0. Here we report the sequencing, assembly and annotation of the genomes of 18 natural A. thaliana accessions, and their transcriptomes.
When assessed on the basis of the reference annotation, one-third of protein-coding genes are predicted to be disrupted in at least one accession. However, re-annotation of each genome revealed that alternative gene models often restore coding potential. Gene expression in seedlings differed for nearly half of expressed genes and was frequently associated with cis variants within 5 kilobases, as were intron retention alternative splicing events. Sequence and expression variation is most pronounced in genes that respond to the biotic environment. Our data further promote evolutionary and functional studies in A. thaliana, especially the MAGIC genetic reference population descended from these accessions.
Interpreting the consequences of genetic variation has typically relied on a reference sequence, relative to which genes and variants are annotated. However, this may cause bias, because genes may be inactive in the reference but expressed in the population 1 , suggesting that sequencing and re-annotating individual genomes is necessary. Advances in sequencing 2 make this tractable for Arabidopsis thaliana [3] [4] [5] , whose natural accessions (strains) are typically homozygous. Relative to the 119-megabase (Mb) high-quality reference sequence from Col-0 (ref. 6) , diverse accessions harbour a single nucleotide polymorphism (SNP) about every 200 base pairs (bp) (ref. 3) , and indel variation is pervasive 3, 7, 8 . Characterizing this variation is crucial for dissecting the genetic architecture of traits by quantitative trait locus mapping in recombinant inbred lines (see, for example, ref. 9) or genome-wide association in natural accessions 10 .
Here we have sequenced and accurately assembled the single-copy genomes of 18 accessions that, with Col-0, are the parents of more than 700 Multiparent Advanced Generation Inter-Cross (MAGIC) lines 9 , similar to the maize Nested Association Mapping (NAM) 11 population and the murine Collaborative Cross 12 . These accessions comprise a geographically and phenotypically diverse sample across the species 9 . Using the genomes, seedling transcriptomes and computational gene predictions we have characterized the ancestry, polymorphism, gene content and expression profile of the accessions. We show that the functional consequences of polymorphisms are often difficult to interpret in the absence of gene re-annotation and full sequence data. The assembled genomes also contribute to the A. thaliana 1001 Genomes Project [3] [4] [5] 13 .
Genome sequencing, assembly and variants
We assembled the 18 genomes so that single-copy loci would be contiguous, with less than one assembly error per gene, and therefore suitable for annotation. Accessions were sequenced with Illumina paired-end reads 2 (Supplementary Table 1) , generally with two libraries with 200-bp and 400-bp inserts and reads of 36 and 51 bp, respectively, to between 27-fold and 60-fold coverage. Each genome was assembled by using five cycles of iterative read mapping 14 combined with de novo assembly 15 (Supplementary Information sections 2  and 3, and Supplementary Tables 1 and 2 ). We aligned reads to the final assemblies to detect polymorphic regions 8 lacking read coverage (2.1-3.7 Mb per accession; Supplementary Table 3 and Supplementary Fig. 2 ). At unique loci, polymorphic regions probably reflect complex polymorphisms 3, 8 . The average N50 length (the contig size such that 50% of the entire assembly is contained in contigs equal to or longer than this value) of contiguous read coverage between polymorphic regions was 80.8 kb (Supplementary Table 4) .
To report complex alleles consistently, we defined all variants against the multiple alignment consensus of Col-0 and the assembled genomes. For each accession there were 497,668-789,187 single-base differences from Col-0, and about 45,000 ambiguous nucleotides (Supplementary Table 5 ). The latter may reflect heterozygosity (particularly in Po-0; Supplementary Figs 5-7) or copy-number variants, and they were largely in transposable elements and repeats covering 21.9% of the genome (Supplementary Information section 5.1, and Supplementary Figs 8 and 9 ). Of 3.07 million SNPs, 45.2% were private to single accessions.
We identified 1.20 million indels, and 104,090 imbalanced substitutions, in which a sequence in Col-0 was replaced by a different sequence (Supplementary Tables 3 and 7) . Although 57.5% of indels or imbalanced substitutions were shorter than 6 bp, 1.9% were longer than 100 bp, and overall 14.9 Mb of Col-0 sequence was absent in one or more accessions (Fig. 1a and Supplementary Fig. 8 ). The assemblies were about 1.6% and about 4.3% shorter than the reference (including and excluding polymorphic regions, respectively), probably reflecting limitations in detecting long insertions. Although sequence differences were enriched in transposable-element and intergenic regions, about 17% of bases deleted in one or more accessions were annotated as genic in Col-0 ( Fig. 1a and Supplementary Fig. 8 ). The density of sequence differences is greater than between classical inbred strains of mice 16 , but less than between lines of maize 17 . Both iterative and de novo assembly improved accuracy, with the latter being most effective at divergent loci (Fig. 1b, Supplementary  Table 2 and Supplementary Fig. 10 ). As assessed with about 1.2 Mb of genomic dideoxy data 3, 18, 19 (Supplementary Information section 4), the substitution error rate was about 1 per 10 kb in single-copy regions, and about tenfold higher in transposable-element-rich regions. Further, RNA-seq reads covered about 100,000 SNPs per accession with 99.72% concordance (Supplementary Table 5 ), and junction sequences for 66 of 68 (97%) long indels and imbalanced substitutions were confirmed by PCR and dideoxy sequencing (Supplementary Table 8 ). The substitution error rate for our assemblies was comparable to that reported for four other A. thaliana genome assemblies 4 .
Genome-wide patterns of ancestry
The ancestral relationships of the accessions vary genome-wide. We computed phylogenies 20 across 1.25 million biallelic, non-private SNPs (Supplementary Information section 6 ). The ancestry of each pair of accessions within a phylogeny was quantified by using the genomewide distribution of the minimum clade size of the subphylogeny containing the pair (Fig. 1c) . Despite their wide geographical origins, with the exception of Po-0 and Oy-0, all pairs have distributions similar to that of an unstructured sample. The probability of recent co-ancestry is slightly higher than expected for a few pairs of accessions, with extended haplotype sharing at a minority of loci (Supplementary Figs 11-15), perhaps reflecting selective sweeps 7 . Both linkage disequilibrium and correlation between neighbouring phylogenies decrease by 50% within 5 kb ( Fig. 1d and Supplementary Fig. 16 ). Variation among the 18 accessions is similar to a diverse global A. thaliana sample 7, 8 in nucleotide diversity , correlation with genomic features (Supplementary Tables 9-12 ) and structural variants ( Supplementary Fig. 17 ).
Gene annotation and transcript diversity
A naive projection of the coordinates of the 27,206 nuclear proteincoding genes from Col-0 (TAIR10 annotation) onto the 18 genomes predicted that 93.4% of proteins were changed in at least one accession, with 32% of the total being affected by genic deletions, premature termination codons, or other disruptions (Supplementary Table 13 ). This large tally of disrupted genes implies that reference annotations cannot be transferred reliably; in fact, re-annotation reveals compensating changes, ensuring that many genes encode apparently functional proteins (Fig. 2a) . Thus, in 96.2% of the 8,757 genes affected, the naive annotations were replaced by an alternative gene model in at least one accession ( For genome annotation and expression analyses (for example Figs 2-4), we generated 78-bp RNA-seq reads from two biological replicates of seedling mRNA (about 9.5 million mapped reads per accession, including Col-0; Supplementary Information section 9, and Supplementary Table 14) . We integrated read alignments 21 with sequence-based gene predictions 22 by using mGene.ngs (Supplementary Information sections 9-10.3, and Supplementary Fig. 19 ). On average, 24,681 coding genes were predicted for each accession. Comparison of Col-0 de novo predictions with TAIR10 annotations (Supplementary Table 16 ) showed that these predictions are more accurate (transcript F-score 65.2%) than using the genome sequence (mGene 22 , 59.6%) or RNA-seq alignments alone (Cufflinks 23 , 37.5%; Supplementary Table 17) . Finally, we consolidated the de novo annotations by incorporating TAIR10 annotations where applicable (Supplementary Information section 10.4, and Supplementary Fig.  20) ; novel transcript structures for a known TAIR10 gene were only accepted if each newly predicted intron was confirmed by RNA-seq alignments, or if the reference gene model was severely disrupted.
We found, on average, 42,338 transcripts per accession (excluding Col-0), of which 5.5% (2,316) were novel (Table 1 and Supplementary  Table 18 ). In each accession there were, on average, 319 novel genes (or gene fragments) supported by RNA-seq (Table 1) ; 717 novel genes were found in total, 496 whose sequence was present in Col-0 but not annotated, and 221 absent from the Col-0 genome but present in the de novo assemblies of the accessions. We found protein or expressed sequence tag matches for 74.9% of the new genes, primarily from A. thaliana, A. lyrata or other Brassicaceae species (Supplementary Information sections 10.8 and 10.9).
For accession Can-0, we generated additional independent higher coverage RNA-seq data from seedling, root and floral bud, which we used to confirm 83.3% of re-annotated introns (read alignment over splice junction) and 59.9% of transcripts (confirmation of every intron, or read coverage of 50% of the transcript for single exon RESEARCH ARTICLE transcripts; Table 1 ). We also obtained additional RNA-seq data for Col-0 and found similar confirmation rates for the reference annotation (Supplementary Table 19 ). Moreover, for Can-0 we confirmed 72.1% and 84.2% of novel introns and transcripts. Many novel introns stemmed from splice disruptions that tended to be weakly expressed so RNA-seq evidence was scarcer ( Supplementary Fig. 22 ). Finally, more than 75% of novel alternative splicing events were supported by RNA-seq (Supplementary Information section 10.5).
Proteome diversity
To understand the effect of genetic diversity on proteins, it is insufficient to study isolated DNA polymorphisms in the context of the reference annotation. We therefore defined the distance between two amino-acid (AA) sequences by the fraction of amino-acid residues that did not align identically in their global alignment. For example, for FRIGIDA, between Col-0 and Sf-2, a premature stop codon leads to an AA distance of 49% (Fig. 2b) . In 77% of proteins, the mean AA distance between all accessions was less than 3% (Fig. 2c) . However, on average, 747 proteins per accession had a distance larger than 50% to any TAIR10 protein, with markedly greater variation for pseudogenes. As expected, variation between A. thaliana and its congener A. lyrata 24 exceeds that observed among A. thaliana accessions (Fig. 2c and Supplementary Fig. 23 ). Disruptions to splice sites and translation start and stop codons typically caused less severe effects than premature stop codons or frame shifts (Fig. 2c) when compensating splice sites created alternative in-frame splicing (for example Fig. 2a and Supplementary  Fig. 24 ). Next, we identified protein isoforms across accessions ( Fig. 2b , right; distinct isoforms differ by at least roughly 2% AA distance; Supplementary Information section 10.7). For 80% of protein coding genes the most frequent isoform was very common (frequency at least 15 out of 19), whereas isoforms for pseudogenes usually occurred at lower frequency. Moreover, isoforms for large disruptions were rare (frequency 3 or less) for 37% of affected genes (Fig. 2d) . This was most pronounced for premature stops and frameshifts, where purifying selection is expected to be strongest.
As expected 3, 7 , disease resistance genes of the coiled-coil and Toll interleukin 1 receptor subfamilies of the Nucleotide-Binding Leucine Rich Repeat (NB-LRR) gene family were predicted to encode the most variable proteins (Fig. 4a and Supplementary Fig. 26 ). F-box and defensin-like genes implicated in diverse processes including defence 25, 26 were also highly variable. In contrast, housekeeping genes showed little variation.
Variation in seedling gene expression
Median expression heritability of protein-coding genes was 39%, similar to that of novel genes (36%) and pseudogenes (38%), and more than for non-coding RNAs (30%) (Supplementary Fig. 27 ). In total, 75% (20,550) of protein-coding genes (and 21% of non-coding RNAs and 21% of pseudogenes) were expressed in at least one accession (false discovery rate (FDR) 5%), and 46% (9,360) of expressed protein-coding genes were differentially expressed between at least one pair of accessions 27 ( Fig. 3a ; FDR 5%, Supplementary Information section 11). Of these, 19% (1,750) had more than tenfold expression changes, and 1.5% (142) more than 100-fold (Fig. 3b ). For about 60% of genes, at least five accessions contributed to expression variation ( Fig. 4d; Supplementary Information section 11.8) .
Although the small sample size (19) precludes genome-wide association scans to identify trans expression quantitative trait loci (eQTLs), we identified potential cis-acting nucleotide variants, copy-number variants and gene structural variants (for example large indels and gene structure changes) associated with expression for 9% (836) of differentially expressed genes (FDR 5%; Supplementary Information section 12.2; we assessed gene-copy-number variation as in Supplementary Information section 12.4). Much of this variation was highly heritable (Fig. 3a) . Consistent with identifying likely causal variants, 85% and 93% of associated SNPs and single-nucleotide indels for cis-eQTLs were within 5 and 10 kb of the gene, respectively, and were strikingly concentrated in the 100-bp promoter region and 59 genic sequences (Fig. 3c, d ). This was also true for heritable intron retention events, in which most cis associations were within the intron or less than 1 kb distant ( Supplementary Fig. 32 ). Our results corroborate the general findings [28] [29] [30] [31] of extensive cis regulation of gene expression in A. thaliana. Neither environmental variation nor population structure markedly affected expression variation (Supplementary Information section 13 ). Copy-number and structural variants were associated with expression in 3% (240) of differentially expressed genes, including 45% (64 out of 142) of genes with more than 100-fold differences (Fig. 3b) , consistent with array studies 29 . Differential gene expression varied by gene ontology (GO) and gene family (Fig. 4b-d, Supplementary Table 24 and Supplementary  Figs 39-41) . Seventeen of the 18 GO classifications that were enriched for differential expression (P , 10 23 ) concerned response to the biotic environment, including pathogen defence and the production of glucosinolates 32 to deter herbivores (Supplementary Table 24 ). These include NB-LRR genes (echoing protein variation), of which 74% were differentially expressed at up to 400-fold change, and for which many accessions typically contributed to differential expression ARTICLE RESEARCH (Fig. 4b-d) . Patterns for housekeeping genes (such as ribosomal proteins, eukaryotic initiation factors or kinesins) were markedly different: although many were differentially expressed, fold changes were generally small, with variation more often being limited to a few accessions ( Fig. 4b-d) . Differentially expressed genes generally had much higher nucleotide diversity at synonymous sites relative to other expressed genes, a pattern also observed but less extreme at nonsynonymous sites (Supplementary Table 25 ). This suggests that differences in expression level were not due solely to reduced selective constraint. The type II MADS box transcription factor family 33 showed striking expression polymorphisms (Fig. 4b-d) , including for the FLOWERING LOCUS C (FLC) 34 and MADS AFFECTING FLOWERING (MAF) genes 35 . FLC, a floral inhibitor expressed highly in accessions that require prolonged cold (vernalization) to flower 36 , varied more than 400-fold ( Supplementary Fig. 42 ). F-box and defensin-like genes were exceptional in that expression was restricted in a minority of genes (41% and 12%, respectively; Fig. 4b ), perhaps reflecting tissue-specific or environment-specific expression 25, 37 .
Our data suggest that high turnover for some F-box families in the A. thaliana lineage 7 extends to gene expression as well.
Conclusion
Our study goes beyond cataloguing polymorphisms 7, 17 to provide genome sequences for a moderately sized population sample (see also refs 4, 16) . In doing so, we were able to annotate each genome largely independently of the Col-0 reference. We found that disruptive polymorphisms were frequently compensated for, thereby conserving coding potential and highlighting the limitation of inferring consequences of polymorphisms in the absence of complete sequence data.
Our assemblies are accurate and largely complete in single-copy regions, although additional work will be needed to assemble the roughly 20% of the genome comprising repeats and transposable elements. Disentangling copy variation, long insertions and other genomic rearrangements remains a challenge. The methods we developed are of immediate relevance to the broader A. thaliana 1001 Genomes Project 5 and to other organisms, and highlight the importance of RNA-seq data for annotation. 
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Finally, despite using only 19 accessions, we fine-mapped ciseQTLs to small genomic regions (less than 10 kb), suggesting that analogous genome-wide scans in the more than 700 derived MAGIC lines could have single-gene mapping resolution for some loci. Our findings indicate that the MAGIC lines, for which population structure is largely mitigated 9 , will be an important and complementary resource to genome-wide association studies in A. thaliana populations 10 .
METHODS SUMMARY
We used the same seed stocks for Col-0 and the 18 accessions Bur-0, Can-0, Ct-1, Edi-0, Hi-0, Kn-0, Ler-0, Mt-0, No-0, Po-0, Oy-0, Rsch-4, Sf-2, Tsu-0, Wil-2, Ws-0, Wu-0 and Zu-0 that originated the MAGIC lines. DNA and RNA sequencing was performed with standard (DNA) or modified (RNA-seq) Illumina protocols. All methods are described fully in Supplementary Methods; software is available from the authors on request. 'Total' and 'novel' are average counts over all 19 accessions. 'RNA-seq confirmed' gives the percentage fully confirmed using independent RNA-seq data (three tissues) for Can-0, the most divergent accession.
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